Abstract. Seismic waves created during explosions are transmitted in an outward direction via the surrounding medium, creating a seismic effect that compromises the security of facilities. The energy released during explosions forms dynamic pressure, which creates gas pressure-induced blast waves that cause the ground to vibrate. The damage extent and influence of a blast are dependent on the energy released by the blast shock waves. Blast waves influence the stability of materials. Therefore, controlling vibration hazards is imperative in ensuring material security. This study investigated the effect of explosion-induced vibrations on the surface of a leveled landform. Changes in dynamic load over time were analyzed by conducting numerical simulations and actual onsite experiments. The Multi-Material Arbitrary Lagrangian-Eulerian algorithm were employed to develop a structural model for coupling fluid with solid grids, which was used to analyze the ground acceleration induced by the blasting effect. The results were used to determine the appropriate distance from which vibration reduction, disaster prevention, and safety protection can be achieved.
Introduction
The term blasting effect refers to the seismic effect experienced in a particular region after the detonation of dynamite. Explosions are characterized by short load time, high-frequency vibrations, and high material, geometric, and status nonlinearity. Explosion energies are diffused rapidly to surrounding areas in the form of waves. They induce a seismic effect leading to nuclide vibrations on the ground surface. Analyzing and controlling vibration hazards from explosions before designing and implementing structures is imperative. Dynamite buried near the ground surface, under the ground surface, or deep into the ground generates shock waves in the soil when detonated, affecting material stability. Blast waves produced from explosions are highly nonlinear. Blast waves are primarily triggered by shock waves and subsequently change into elastic seismic waves, causing the vibration of nuclides at the ground surface [1] . Shock waves inherently exhibit high speeds and pressure. Therefore, the characteristics of shock waves and the vibration intensity of the ground surface are typically used in the analysis of the degree of vibration-induced damage [2, 3] .
Soil is a nonhomogeneous and anisotropic material. Its properties influence the safety of ground surfaces and underground engineering projects. A ground surface or near-ground-surface explosion creates stress waves that are transmitted through soil; the magnitudes of such stress waves are dependent on soil properties, soil strength, and their proximity to the explosion location. Detonation waves are transmitted to structures through soil, with soil properties affecting the structures' dynamic responses; likewise, the mechanical behavior of soil is affected by the structures. This is referred to as the soil-structure interaction effect.
Soil-structure interaction analyses are markedly complex. To prevent strong earthquakes from jeopardizing structural safety, antiseismic designs focus on dissipating the energies created during earthquakes. Accordingly, identifying the means of accurately analyzing the geological characteristics of a location and providing the correct key parameters to elevate the seismic base isolation effect are crucial factors in the study of seismic wave transmission. Oldrich [4] explored the properties of surface waves induced by earthquakes, and Vinh, Pham, and Ogden [5] provided referential information related to engineering applications by analyzing the development trends of Rayleigh wave speeds in elastic solids. Stoneley [6] analyzed surface wave transmission in elastic media with orthorhombic symmetry; the results showed that the changes in the speeds of the body waves and surface waves were greater than those obtained in earthquake surveys. Eskandari et al. [7] examined the dynamic responses of rigid circular bases in transversely isotropic half-spaces and presented elastic zone-related problems in the form of semi-infinite line integrals. Ahmadi and Eskandari [8] performed a vibration analysis of transversely isotropic materials that had been embedded with hard circular disc-like objects, explored the effects of anisotropic materials, and verified their results in an isotropic full-space. Eskandari et al. [9] investigated the axisymmetric time-harmonic response of a surface-stiffened transversely isotropic half-space, focusing on the buried time-harmonic normal load, and verified the accuracy of their results for surface loading, static loading, and isotropic material calculation. Dowding [10] monitored and controlled explosion vibrations by using an earthquake engineering design and explained the mechanisms through which vibrations created wall cracks in the structures. Pal Roy [11] analyzed the ground vibrations and responses of different structures during underground and ground surface blasts, with their results demonstrating that ground surface vibration frequencies were very low (5-35 Hz) and that ground surface structural vibration increased as structural height increased. Singh and Roy [12] studied the damages sustained by ground surface structures during blasts in underground coal mines, showing that ground surface structural vibrations decreased significantly (45 %) as structure height increased.
This study mainly assessed the safe quantity distance during a blast. The ground surface soil properties obtained from an onsite explosion experiment were measured and vibration reduction measures were proposed. The data may be used to determine soil properties after a blast, analyze the dynamic responses of structures after a blast, and explore the effects of soil-structure interaction. Accordingly, the data may serve as a reference when designing antiblast engineering projects.
Because blast waves induce the vibration of the surrounding medium at the ground surface, conducting explosion experiments is dangerous. To study detonation-related parameters, international scholars typically use LS-DYNA as a research tool, adopt energy conversion-related perspectives, and refer to mass, energy, and conservation of momentum-related theories. Crandle [13] analyzed the transfer characteristics of blast waves and determined that seismic waves are transmitted outward through the surrounding medium, creating ground vibration. Kivity et al. [14] simulated and analyzed ammunition depot explosions and observed that relative error between the maximum detonation pressures created by actual dynamite and those obtained from experiments was within 15 %. Hung [15] analyzed C4-dynamite based free field explosions and compared the study results with antidetonation TM5-855-1 [16] guidelines, reporting that the relative error associated with a scale distance of 2-2.37 was 5 %. Wang [17] studied the shock wave energy from free field explosions and determined that the relative error of the detonation pressure was higher for locations within 200 cm of the explosion source and that this error decreased as the transfer distance increased. This result verified the effectiveness of finite element software LS-DYNA in analyzing blast wave transfer behavior.
The current study analyzed the effect of explosion-induced vibrations on the surface. The dynamic response of the ground surface was analyzed by conducting explosion experiments and using finite element software. To understand how to efficiently control vibrations during explosions, the attenuation characteristics of blast waves during blast wave transmission was examined. The examination results provided information about shock wave energy during explosions and can be used to estimate the degree of impact that will be sustained by targets, enabling engineers to adopt related vibration-reduction measures.
Ground explosion experiment
Fig. 1 depicts the actual onsite setup. A triaxial acceleration device was used to measure the ground acceleration, and a signal regulator was combined with an oscilloscope to transmit signals. This study analyzed ground acceleration induced by explosions by applying an explosion experiment and numerical simulation. For the explosion experiment, 0.25 lb (113.389 g) of TNT was placed upright on the ground, and this position served as the explosion source. The horizontal and vertical ground acceleration of locations 300, 400, 500, 600 and 700 cm away from the explosion source were measured.
Because ground surface accelerations were measured using the oscilloscope, which collected ground surface acceleration signals, the trigger voltage and delay in signal reception were repeatedly adjusted to prevent distance changes from affecting the accuracy of the measurement results. 
Finite element calculation
This study applied LS-DYNA procedure and Multi-Material Arbitrary Lagrangian-Eulerian (MMALE) to analyze the contact-explosion-induced seismic effect on the ground surface. The Eulerian algorithm is a spatial coordinate-based method. Because grids and materials to be analyzed in this algorithm are independent, calculations can be executed even if severe spatial distortions occur. However, the disadvantage to this algorithm is the difficulty in measuring the physical quantity of grid materials. The Lagrangian algorithm is a material coordinate-based algorithm that can effectively analyze the time history of nuclides. Nonetheless, the disadvantage to this algorithm is that the grids are severely distorted when considerable displacements and deformations occur, and such distortions lead to program termination. The MMALE algorithm, which combines the advantages of the Lagrangian and Eulerian algorithms, effectively tracks the motion history of nuclides. This algorithm is thus favorable for real-time motion analysis [18, 19] . Because algorithms applied for calculations must be paired with the corresponding element types, the MMALE algorithm was paired with three-dimensional, eight-node-type solid elements in the current study. The equations used in the evaluations are listed as follows: Eqs. (1) and (2) represent the conditions applied to ensure the stability of the solid elements. Eq. (3) shows the characteristic length. Eq. (4) represents the transmission speed of the waves emitted by the elastic materials with fixed volume modulus:
where is the characteristic length; is the sonic velocity in materials; is the function of volume viscosity coefficients and ; is the strain rate tensor; is the element volume; is the area at the longest side; is Young's modulus; is Poisson's ratio; is the mass density.
LS-DYNA was used to conduct explicit time integration, an operation involving the use of the minimum time step (Δ ) of elements. Eqs. (5), (6), (7) were subsequently used to calculate the nodes' acceleration, speed, and displacement matrices, respectively. The time step method is a conditional method for calculating stability; according to a relevant instruction manual, the control coefficient used to analyze explosions must be less than 0.67 [20, 21] :
where represents the acceleration matrix for a node at time ; is the velocity matrix for a node at time ; denotes the mass matrix; refers to the external force matrix; is the sum of internal and contact forces on the element; represents the damping matrix; is the hourglass resistance force. 389 g ). On the basis of the relevant research reveal [22, 23] conducted using the numerical analytical method. This study applied the MMALE algorithm to analyze the effects of contact explosion induced vibrations on the surface of a leveled landform. The air and dynamite were defined as Eulerian grids and the soil used was defined as a Lagrangian grid. The fluid and solid grids were mutually independent, and a numerical model was created by coupling the fluid with solid grids, in which the two grids were overlapped [24] . For the conditions for the explosion experiment, the MMALE algorithm was employed and a 3D eight-node solid element was used to develop a 1/4 symmetric numerical analysis model that analyzed the ground acceleration induced by the blasting effect as well as changes in ground acceleration over time and at different locations. The minimum width of the TNT was set as the grid density, and 1/4 of the length of the shortest side of the dynamite was set as the size of the fluid grids. The grid size for air, dynamite, and soil was set to 1.64, 1.64 and 3.28 cm, respectively, and the time step control coefficient was defined as 0.3. Table 1 shows the soil, air and TNT parameters. The blasting effect analysis was combined with the appropriate equation of state to describe the volume, stress, and strain of materials. To analyze air behavior, MAT_NULL was paired with an equation of state called EOS_LINEAR_POLYNOMIAL Eq. (8) [18] . To analyze material behavior, the dynamite was expressed in the form of MAT_HIGH_EXPLOSIVE_BURN and paired with an equation of state called Jones-Wilkins-Lee Eq. (9) [25] . The related parameters used in this study were derived by referring to the explosive handbook published by the Lawrence Livermore National Laboratory [26] . Subsequently, the stress transfer behavior from the explosions was analyzed using soil properties described using the MAT_SOIL_AND_FOAM model [18, 25] . The soil from the explosion was analyzed using the unified soil classification system. The results revealed that the soil was low-grade sandy soil containing silt. This soil was classified as SP-SM. In the Table 1 , RO is the mass density; PC is the pressure cutoff; MU is the dynamic viscosity coefficient; TEROD is the relative volume for erosion in tension; CEROD is the relative volume for erosion in compression; YM is the Young's modulus; PR is the Poisson's ratio; is the initial internal energy per unit reference specific volume; is the initial relative volume; is the detonation velocity; PCJ is the chapman-Jouget pressure; BETA is the beta burn flag; is the bulk modulus; is the shear modulus; SIGY is the yield stress:
Numerical analysis model
where is the pressure; , , , , , , are constants; is the dynamic viscosity coefficient, = 1 ⁄ − 1;
is the initial energy per unit volume; is the relative volume; , , , and are the constants for dynamite characteristics. Table 2 shows the maximum horizontal and vertical ground accelerations obtained from the numerical analysis and the experiment. These ground accelerations were measured from locations 300, 400, 500, 600 and 700 cm away from the explosion source. Fig. 3 shows the ground acceleration curve over time from the explosion experiment. Fig. 4 illustrates the numerical analysis results detailing the ground acceleration curve over time. The leveled landform explosion experiment was conducted to measure the physical quantity of ground acceleration induced by vibrations from explosions and to analyze the transfer characteristics of the blast waves. The results of this experiment indicated that the vertical ground acceleration was greater than the horizontal ground acceleration and that the ground acceleration decreased as the distance from the explosion source increased. As the distance from the explosion source exceeded 500 cm, the magnitude of the shock wave attenuation decreased considerably, and the rate of decrease in horizontal ground acceleration was greater than that in the vertical ground acceleration. The overall ground deceleration trend was consistent with the energy attenuation characteristics of blast waves. Ground vibration effect was classified according to the acceleration values 
Results and discussion
The degree of vibration experienced within 500 cm from the explosion source was characterized as Level 1, in which a person at rest could feel small vibrations. The ground acceleration derived from the explosion experiment was compared with that from the numerical analysis to verify the accuracy and feasibility of the numerical analysis. The relative error of the numerical analysis (measured in percentages) was calculated as follows: (simulated ground acceleration -experimental ground acceleration) / experimental ground acceleration × 100 %. The calculations showed that the relative errors for the simulated horizontal and vertical ground accelerations were within the 15 % acceptable range, meeting the standards reported in the literature [14] . The analysis results revealed that the ground acceleration decreased as the distance from the explosion source increased. These results confirmed the effectiveness of the numerical model developed in this study by using the MMALE algorithm, and the 3D eight-node solid element in analyzing the transfer characteristics of shock waves as well as the dynamic response of ground surfaces following explosions. . 5 shows the changes of acceleration in the soil medium. Shock waves are a type of strong compression wave. Explosions create high-temperature, high-pressure gas that compresses the surrounding environment, and the corresponding shock waves are transmitted via the surrounding medium. Compression waves are formed as explosions are attenuated. Most of the energies from the explosions are consumed by the surrounding medium, which undergoes deformation and destruction; some of these energies drive the movements of the surrounding medium. Therefore, the physical properties of the surrounding medium affect shock wave transmission. Shock wave transmission is attenuated relatively quickly in soil because soil features high plasticity and low intensity and a compressive strength higher than its tensile and shear strength. The analysis results indicated that shock wave transmission attenuated as the distance from the explosion source increased, which serves as crucial reference to engineers when attempting to prevent and control explosion-induced vibration hazards. However, regarding the explosion-induced vibration effects on the ground surface, all the numerical analysis results showed smaller vibration effects than those observed from the actual experiments. According to these results, engineers should use an appropriate multiplier for their numerical analysis when designing and planning related engineering designs to achieve favorable target protection.
Conclusions
In this study, experimental data were used to verify the accuracy of the vibration effect obtained from a numerical analysis. In addition, the effect of explosion-induced vibrations on the ground surface was assessed by analyzing the seismic wave transmission process on a leveled landform during contact explosions. Explosions induce nuclide vibration on the ground surface, and the vibration intensity of the surrounding medium influences the security of facilities. The dynamic response of the ground surface and the transfer characteristics of the blast waves obtained from the experiment were compared with those from the numerical analysis to verify the accuracy and effectiveness of the numerical analysis. Subsequently, a 3D numerical model was developed for analyzing the effects of explosions. The analysis results revealed that the shock waves from ground surface explosions were primarily caused by shock waves in the air and influenced the attenuation of vibration energy on the ground surface. This study determined that the effect of the shock waves was influenced by the strength, pore, and structural integrity of the surrounding medium, and that high shock wave pressure corresponded to a high compressive strength in the soil. Such information can serve as reference for engineers and disaster-prevention projects.
